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A new manganese(ii) compound [Mn,(bipy),(ta)] [CIO,], 1 (bipy = 2.2'-bipyridine, ta = terephthalate 
dianion) has been synthesised and its crystal structure determined by single-crystal X-ray diffraction. It 
crystallizes in the triclinic system, space group P i ,  with a = 9.51 6(2),  b = 11.61 3(3),  c = 11.61 5(3) A, 
a = 70.92(2), p = 80.1 6(2) ,  y = 76.64(2)" and Z = 1 .  The structure consists of cationic terephthalate- 
bridged [Mn,( bipy),(ta)],+ chains and non-co-ordinated perchlorate anions. Each terephthalate is 
bound to four manganese atoms through carboxylate oxygens with the sym-sym bridging mode, affording 
manganese(i1) pairs which are linked by the terephthalate group to yield a one-dimensional chain running 
along the a axis. The intrachain M n  M n  separations through the double carboxylate and terephthalate 
bridges are 4.643(1) and 9.637(2) A, respectively. The manganese(1i) ion displays a severely distorted 
octahedral co-ordination being linked to f o u r  nitrogen atoms of two bipy ligands and to two oxygen 
atoms of two carboxylate groups from two terephthalate ligands. The magnetic susceptibility of 1 as a 
function of temperature (4.2-290 K) exhibits a sharp maximum at 6.0 K which is consistent with a 
significant antiferromagnetic coupling between the metal centres. This magnetic behaviour has been 
interpreted in terms of a dimer with a molecular field approximation, the values obtained for J, g and zJ' 
being - 1.35 cm-', 1.97 and -0.04 cm-l, respectively. In the light of the structural data, it can be concluded 
that the double-carboxylate bridge between the manganese( ii) pairs provides a more efficient exchange 
pathway than that of terephthalate and most likely is responsible for the observed J value. 

The study of magnetic exchange interaction through extended 
bridging ligands has been of major interest in the field of 
molecular magnetism in the past few years.' In this context, 
both the achievement of strong magnetic interactions between 
paramagnetic metal centres and the search for the limiting 
distance for interaction between them led magnetochemists 
to focus on dinuclear copper(I1) complexes bridged by oxalate 
and oxalate-type l igand~,~- '  end-to-end azide,' croconate (4,5- 
dihydroxycyclopent-4-ene- 1,2,3-trionate),' 2,5-dihydroxy- 1,4- 
benzoquinone and its derivatives, l o  squarate (3,4-dihydroxy- 
cyclobut-3-ene- 1,2-dionate), ' ' 4,4'-bipyridine ' and terephthal- 
ate. In this series, the intramolecular metal-metal separation 
is tuned from 5 to 11 A. Moreover, the plasticity of the co- 
ordination sphere of Cu" and the presence of only one 
unpaired electron on each metal centre makes these systems 
easy candidates to investigate the influence of the relative 
orientation of the magnetic orbitals on the exchange inter- 
action through the bridging group. In spite of the available 
information on these systems, the ability of terephthalate to 
mediate exchange coupling, going from 4 to - 140 cm-' in its 
copper(I1) complexes, ' 3d,e requires further theoretical and 
experimental studies. In fact, for such a large intramolecular 
metal-metal separation (ca. 11 A), the intermolecular 
interactions could be predominant. 

t Supplementary data available: see Instructions for Authors, J. Chem. 
SOC., Dalton Trans., 1994, Issue 1, pp. xxiii-xxviii. 
Non-Si unit employed: emu = SI x 106/4x. 

In the present paper we report the synthesis, crystal structure 
and magnetic properties of the manganese(I1) complex 
[Mn2(bipy),(ta)][C10,1, 1 where bipy and ta correspond to 
2,2'-bipyridine and terephthalate (dianion of benzene- 1,4- 
dicarboxylic acid). This compound provides us with the 
possibility to analyse the influence of the number and symmetry 
of the magnetic orbitals on the exchange interaction through 
terephthalate (five magnetic orbitals for high spin Mn" uersus 
only one for Cu"). The structure of 1 is the first reported for a 
terephthalate-bridged manganese(@ complex. 

Experimental 
Materials.--2,2'-Bipyridine and manganese(1r) perchlorate 

hexahydrate were obtained from Aldrich and used without 
further purification. The piperidinium salt of terephthalic acid 
was prepared by a literature method. ' 3a Elemental analyses (C, 
H, N) were by the Microanalytical Service of the Universidad 
Autonoma de Madrid. 

Preparation of [Mn2(bipy),(ta)][Cl0,1, 1 .-A warm 
methanolic solution of 2,2'-bipyridine (3 12 mg, 2.0 mmol) was 
slowly added to a solution of manganese(I1) perchlorate 
hexahydrate (362 mg, 1.0 mmol) in the same solvent with 
continuous stirring (final volume 50 cm3). A methanolic 
solution (100 cm3) of piperidinium terephthalate (1 69 mg, 
0.5 mmol) was added dropwise. The light yellow powder 
which separated during the addition was filtered off and 
discarded. Small yellow prisms of complex 1 suitable for X-ray 
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investigation were obtained after 3 d by slow evaporation of 
the mother-liquor at room temperature. They were filtered 
off and air-dried. This compound is insoluble in common 
solvents (water, methanol, acetonitrile, acetone, dimethyl 
sulfoxide, dimethylformamide) (Found: C, 51.40; H, 3.10; N, 
10.30. Cak. for C,,H,,C~,Mn,N,O,,: C, 52.50; H, 3.30; N, 
10.20%). The most salient features of the IR spectra are those 
associated with the presence of perchlorate and terephthalate 
groups: absorptions at llOOs, 930w, 625m and 460m cm-' 
suggests the presence of unco-ordinated perchlorate, l4 and 
vasym(C02) and v,,,(C02) stretching vibrations at 1570s and 
1385s cm-' respectively (cf. 1565 and 1395 cm-' for piperidinium 
terephthalate) indicate that bridging carboxylate co-ordination 
is involved. ' These spectroscopic assignments are in agreement 
with the structure of 1. 

Physical Techniques.-Infrared spectra were recorded on a 
Perkin-Elmer 1750 FTIR spectrophotometer as KBr pellets in 
the 4000-300 cm-' region. Magnetic susceptibility measure- 
ments were carried out on a polycrystalline sample of complex 
1 in the temperature range 4.2-290 K with a fully automatized 
AZTEC DSM8 pendulum-type susceptometer equipped with 
a TBT continuous-flow cryostat and a Briiker BE15 electro- 
magnet, operating at 1.8 T. The apparatus was calibrated with 
Hg[Co(NCS),]. Corrections for diamagnetism were estimated 
from Pascal's constants l7 as - 533 x lop6 emu mol-'. 

Crystal Structure Determination and ReJnement.-Diffrac- 
tion data were collected at 298 K on a Siemens R3m/V 
automatic four-circle diffractometer, using graphite-mono- 
chromated Mo-Kcr radiation (h = 0.710 73 A). Details of the 
crystallographic data collection and structure refinement are in 
Table 1 .  The lattice parameters were determined from least- 
squares refinement of the setting angles of 25 reflections in the 
range 15 d 28 6 30". A total of 4658 reflections were collected 
by the -28 scan method in the range 28 3-54 with index ranges 
h 0-8, k - 14 to 14 and I - 14 to 14; 4270 of them were unique, 
and from these 3069 were considered as observed [I > 3o(I)] 
and used for the refinement of the structure. Examination of 
three standard reflections, monitored after every 100, showed 
no sign of crystal deterioration. Lorentz-polarization and 
y-scan absorption corrections ' were applied to the intensity 
data. The maximum and minimum transmission factors were 
0.959 and 0.818, respectively. 

The structure was solved by standard Patterson methods 
with the SHELXTL PLUS program l 9  and subsequently 
completed by Fourier recycling. All non-hydrogen atoms were 
refined anisotropically. The hydrogen atoms of bipy and 
terephthalate were set in calculated positions and refined as 
riding atoms. A common fixed isotropic thermal parameter 
was assigned to them. The final full-matrix least-squares 
refinement, minimizing the function Zw(llFoI - lFc11)2 
with w = 1/[02(F,,) + 0.0010(Fo)2J [with o(Fo) from counting 
statistics], converged at R and R' indices of 0.041 7 and 0.0456, 
respectively. The number of reflections/number of variable 
parameters was 9.4. In the final difference map the residual 
maxima and minima were 0.54 and -0.39 e A-3. The largest and 
mean A / o  were 0.044 and 0.003. Solutions and refinement were 
performed with the SHELXTL PLUS system and the final 
geometrical calculations were carried out with the PARST 
program. 2o The graphical manipulations were performed using 
the XP utility of the SHELXTL PLUS system. The final 
atomic coordinates for non-hydrogen atoms and selected bond 
distances and angles are given in Tables 2 and 3, respectively. 

Additional material available from the Cambridge Crystallo- 
graphic Data Centre comprises H-atom coordinates, thermal 
parameters and remaining bond lengths and angles. 

Results and Discussion 
Structure of Complex 1 .-The structure of complex 1 consists 

of polymeric cationic [Mnz(bipy),(ta)l2 + units and non-co- 

ordinated perchlorate anions. One of the units is shown in 
Fig. l(a) together with the atom-numbering scheme. The 
terephthalate group acts as a tetrakis(mon0dentate) ligand 
which is bound on each side to two manganese(@ ions through 
the carboxylato oxygens in a sym-sym conformation yielding a 
chain which runs parallel to the a axis as depicted in Fig. l(b). 
A crystallographic inversion centre is located at the centre of 
the benzene ring of the terephthalate ligand. 

Each manganese atom has a distorted-octahedral co-ordin- 
ation sphere comprised of two carboxylate-oxygen atoms [0( 1)  
and 0(2b)] from two terephthalate ligands which occupy cis 
positions and four nitrogen atoms [N( l), N(2), N(3) and N(4)] 
from two chelating bipy groups. The Mn-N(bipy) bond 
lengths lie in the range 2.262(3)-2.305(3) A, values which are 
significantly longer than that of the Mn-O(carboxylate) 
(average 2.1 18 A). These bond distances are in agreement with 
those reported for other bipy- and carboxylato-containing 
manganese@) complexes. ' Large deviations from the ideal- 
ized orthogonal geometry are found at the metal atom in 
the five-membered Mn( 1)N( I)C(9)C( lO)N(2) and Mn( 1)N(3)- 
C( 19)C(20)N(4) chelate rings [72.1(1) and 7 1.4( 1)" for 
N( 1)-Mn( 1 )-N(2) and N( 3)-Mn( I )-N(4), respectively] as ex- 
pected due to the small bite distance of the bipy ligand.22 The 

Fig. 1 (a) A perspective view of the cationic unit [Mn,(bipy),(ta)]'+ 
of complex 1 showing the atom labelling; thermal ellipsoids are drawn 
at the 30% probability level. (b) A view of the polymerization of 1 
through sym-sym carboxylato bridges; part of the bipy ligands has 
been omitted for clarity 
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Table 1 Crystallographic data for [Mnz(bipy),(ta)][ClO.1, 1 

Formula 
M 
Crystal system 
Space group 
4 
b!A 
CIA 
a/" 
PI" 
YI" 
UlA3 
z 
DJkg m-3 
F(OO0) 
Crystal size/mm 
p( Mo-Ka)/cm-' 
No. of collected reflections 
No. of unique reflections 
No. of independent reflections 
No. of refined parameters, Np 

Sb 

RC = qlFoI - l~cl~~Pl~all 
R'( = cc((lFaI - l ~ c l ~ ) 2 1 w F a 1 2 1 3 ~  

C,8H,6C12Mn2N801 2 
1097.6 
Triclinic 
PT 
9.5 16(2) 
11.613(3) 
11.615(3) 
70.92(2) 
80.16(2) 
76.64(2) 
1 173.9(5) 
1 
1.553 
560 
0.46 x 0.22 x 0.12 
7.26 
4658 
4270 
3069 
325 
0.0417 
0.0456 
1.318 

a I > 30(Z). Goodness of fit = ~ w ( ~ ~ F o ~  - [Fcll)2/(No - N P ) l f .  

Table 2 
standard deviations (e.s.d.s) in parentheses 

Final atomic coordinates for complex 1 with estimated 

Xla 
0.0504( 1) 
0.1502(2) 
0.1615(2) 
0.2 146( 3) 
0.36 14( 3) 
0.4590(4) 
0.4052(4) 

- 0.0395(3) 
- 0.1255(4) 
- 0.2025(4) 
- 0.1 936( 5) 
- 0.1042( 5) 
- 0.0276(4) 

0.0740(4) 
0.1304(6) 
0.2244( 7) 
0.2634(6) 
0.2052(4) 
0.1 125(3) 
0.0350( 3) 

- 0.08 1 l(4) 
- 0.0749(5) 

0.0546( 6) 
0.1737(5) 
0.1603(4) 
0.28 17(4) 
0.4083( 5) 
0.5 107(5) 
0.4843(4) 
0.3572(4) 
0.2564( 3) 
0.4710(1) 
0.40 1 9( 8) 
0.55 58( 6) 
0.56 1 2( 5) 
0.37 12(4) 

Ylb 
0.1466( 1) 

- 0.0254(2) 
- 0.1077(2) 
- 0.0541 (3) 
- 0.0259(3) 
-0.0359(3) 

0.0098(3) 
0.2947(2) 
0.4025( 3) 
0.4790(3) 
0.4404(4) 
0.3298(3) 
0.2595(3) 
0.1402( 3) 
0.1073(4) 

-0.0044(5) 
- 0.0789(4) 
- 0.04 12(3) 

0.0663(2) 
0.2696(2) 
0.29 1 7( 3) 
0.3396( 3) 
0.3633(4) 
0.3420( 3) 
0.2968(3) 
0.2825( 3) 
0.3239(3) 
0.3 1 70(4) 
0.2698(3) 
0.2272(3) 
0.2324( 2) 
0.3453( 1) 
0.2555(6) 
0.2972(5) 
0.373 5(4) 
0.45 17(4) 

z/c 
0.3 147( 1) 
0.4308(2) 
0.6322(2) 
0.5259( 3) 
0.5 129(2) 
0.4 1 03( 3) 
0.6019(3) 
0.1445(2) 
0.1460( 3) 
0.0493(3) 

- 0.0507(3) 
- 0.0545(3) 

0.0435(3) 
O.O448( 3) 

-0.0594(3) 
- 0.05 1 I(4) 

0.0612(4) 
0.16 19( 3) 
0.1559(2) 
0.4359(2) 
0.5 155(3) 
0.6080( 3) 
0.6209(3) 
0.5407( 3) 
0.4468(3) 
0.3498(3) 
0.3399(4) 
0.2418(4) 
0.1552(4) 
0.1726(3) 
0.2680(2) 
0.7398( 1) 
0.8 1 30( 7) 
0.65 13(5) 
0.8060(4) 
0.6874(4) 

best equatorial plane is defined by atoms N(2), 0(2b), N(3) 
and N(4) [largest deviation from the mean plane 0.014(3) 8, for 
N(3)] and the manganese atom is 0.156(1) 8, out of this plane 
toward O( 1). 

The six-membered rings of the two bipy ligands are planar as 

Table 3 Selected interatomic distances (A) and bond angles (") for 
complex 1 with e.s.d.s in parentheses * 

O(l)-Mn(l)-0(2b) 94.0(1) O(2b j M n (  1)-N(3) 96.6( 1) 
O(1)-Mn(1 jN(1)  161.0(1) N( 1 )-Mn( 1 )-N(4) 88.3( 1 ) 
O(l)-Mn(l)-N(2) 88.9(1) N( 1)-Mn( 1 )-N(2) 72.1( 1) 
O(l)-Mn(l)-N(3) 99.6(1) N( 1 )-Mn( 1 )-N(3) 99.1 (1) 
O( 1 )-Mn( 1)-N(4) 94.6( 1) N(2)-Mn(l)-N(4) 91.8(1) 
0(2b)-Mn(l)-N(l) 87.1(1) N(2)-Mn( 1 )-N(3) 161.6( 1) 
0(2b)-Mn(l)-N(4) 166.3( 1) N(3)-Mn( I )-N(4) 7 1.4( 1) 
0(2b)-Mn(l)-N(2) 99.1(1) 

Terephthalate bridge 
1.266(4) C(2tC(3) 1.399(4) 
1.264(3) C(2k-C(4) 1.386(5) 

1.368(5) 

O( 1 )-C( 1 )-0(2) 123.6(3) C(l)-C(2)-C(4) 120.9(3) 
0(1)-C(l)-C(2) 118.8(2) C(3)-C(2)-C(4) 118.8(3) 
0(2)-C(l)-C(2) 117.5(3) C(2)-€(3)-C(4a) 120.3(3) 
C(l)-C(2)-C(3) 120.263) C(2)-C(4)-C(3a) 120.9(3) 

* Symmetry codes: a I - x ,  - y ,  1 - z; b -x, - y ,  1 - z. 

C( 1 W ( 1 )  
C( 1 W ( 2 )  
C(1 FC(2) 1.479(5) C(3FC(44 

expected with deviations from the mean planes not greater than 
k 0.015(4) 8,. However, the bipy ligands as a whole exhibit 
relevant deviations from planarity [dihedral angles between 
the pyridyl rings in each bipy Iigand 11.5(1) and 17.6(1)0]. 
Average carbon-carbon and -nitrogen bond distances are close 
to those reported for unco-ordinated bipy.22 Concerning the 
terephthalate ligand, the most remarkable structural feature 
is its unprecedented tetrakis(mon0dentate) co-ordinating 
character. Co-ordination of terephthalate to two [bis(mono- 
dentate) and bis(che1ating) co-ordination modes] and three 
[tris(monodentate)] metal centres has been reported in previous 
structural works dealing with terephthalato-containing first- 
row transition-metal ions. ' 3*23,24 Its eight carbon atoms in 
complex 1 are strictly coplanar [largest deviation from the mean 
plane 0.002(3) A]. The O( 1) and O(2) atoms of the carboxylate 
groups are respectively 0.645(2) and -0.672(3) A above and 
below this plane. The dihedral angle between the benzene ring 
and the carboxylate plane is 143.8(1)". The weak overlapping 
between this benzene ring and the N(4)C(20)C(2 l)C(22)C(23)- 
C(24) pyridyl group [the separation between them is 3.478(3) A] 
is at the origin of such a large dihedral angle. The dihedral angle 
between the equatorial plane and the benzene ring is 17.3(1)0, 
whereas that formed by the carboxylate group and the 
O( 1)0(2b)N( l)N(4) mean plane is 3 5 3  1)O. 

The perchlorate groups have their expected tetrahedral 
geometry [average values for C1-0 and intra-ion 0-C1-0 bond 
angle 1.379(6) 8, and 109.4(3)", respectively]. 

The intrachain metal-metal separations are 4.643( 1) and 
9.637(2) A for Mn( 1) - Mn(1 b) and Mn( 1) Mn( la), 
respectively the shortest corresponding to the doubly carboxyl- 
ate-bridged manganese(I1) pair. This kind of carboxylate 
bridging in terephthalato complexes was previously observed 
in [C~(3Me-py)~(ta)]*0.5(3Me-py)-OSMeOH (3Me-py = 3- 
methylpyridine). 3h The shortest intrachain metal-metal separ- 
ation is 9.516(2) 8, for Mn(1) Mn(1c) (symmetry code: c 
1 + x, Y ,  4. 

Magnetic Properties.-The magnetic behaviour of complex 1 
represented by plots of xrn [molar magnetic susceptibility per 
two manganese(r1) ions] and x,T versus T is depicted in Fig. 2. 
At 290 K, x,T = 8.32 cm3 K mol-', a value somewhat smaller 
than expected for two uncoupled manganese(I1) ions (8.75 cm3 
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Fig. 2 Thermal dependence of the molar magnetic susceptibility xrn (A) 
and x r n T ( A )  (per two manganese atoms). The solid line corresponds to 
the best theoretical fit (see text) 

O - l ' , I ( I , ,  / , /  0 

Scheme 1 

K mol-'); xm Tcontinuously decreases upon cooling and reaches 
a value of 1.91 cm3 K mol-' at 4.2 K. Such a behaviour is 
characteristic of an antiferromagnetic interaction between two 
high-spin manganese(I1) ions. The occurrence of a sharp 
susceptibility maximum around 6.0 K is the signature of an 
antiferromagnetic interaction with a singlet ground state. 

We have attempted to reproduce theoretically the experi- 
mental susceptibility of complex 1 by use of the Heisenbe_rg- 
Dira_c-yan Vleck S,  = S B  = $ spin-coupled dimer model ( H  = 
- JSA*SB) with a molecular field correction 2 5  to account for the 
actual nature of the compound. Values of - 1.35 cm-', 1.97 and 
-0.04 cm-' were obtained for J ,  g and zJ ' ,  respectively with a 
very good R value of 5.9 x {R is the agreement factor 

tion of the computed curves (Fig. 2) shows that a satisfactory 
match to the experimental data is achieved. In the light of the 
structure of 1 two exchange pathways are possible within the 
chain: the double carboxylate bridge in the sym-sym con- 
formation and the extended terephthalate group which leads 
to metal-metal separations of 4.643( 1) and 9.637(2) A, respec- 
tively. The much shorter metal-metal separation through the 
carboxylate together with the fact that the value of - J found 
agrees well with those reported for other triply ( -  J 3.5-4.4 
cm ') " and doubly bridged carboxylate manganese(r1) com- 
plexes ( -  J = 1.9 cm-') 21f, allows us to propose this bridging 
network as responsible for this significant antiferromagnetic 
coupling. This exchange pathway involving the overlapping 
between the two dX2-,,2 magnetic orbitals centred on Mn(1) 
and Mn(1b) [the x and y axes are roughly defined by the 
O( 1) N( 1) and O(2b) N(4) vectors, respectively] 
through sym-sym carboxylate bridges is illustrated by Scheme 
1. Consequently, the weak antiferromagnetic coupling J' most 
likely accounts for the interaction between manganese@) ions 
through the more extended terephthalate bridge. In this regard, 
it is worthwhile noting that very weak exchange interactions 
either antiferro- or ferro-magnetic have been reported for most 
terephthalato-bridged copper(I1) complexes ' 3 d ~ f * h * i  and 

defined as z[(xmT)obs - ( x m T ) ~ ~ ~ ~ 1 2 / c ~ ( x m T > o b s 1 2 } .  An inspec- 

only a few cases exhibiting a moderately strong antiferro- 
magnetic interaction are known. ' 3bie The synthesis, structural 
and magnetic characterization of other examples of terephthal- 
ate-bridged manganese@) compounds will be the subject of 
further work in order to explore the influence of the symmetry 
of the magnetic orbitals with respect to the terephthalate bridge 
and check the possible 0- and x-exchange pathways. 
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